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Hippocampal LTD Expression Involves a Pool
of AMPARs Regulated by the NSF±GluR2 Interaction
al., 1992; Jonas et al., 1994). In the postnatal brain,
edited GluR2 is highly expressed (Hollmann and Heine-
mann, 1994; Bettler and Mulle, 1995); hence, the majority
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of neurons have AMPARs that are essentially imperme-and Graham L. Collingridge
able to Ca21 (Jonas et al., 1994; Geiger et al., 1995).Medical Research Council Centre
Over recent years, an increasing number of protein±for Synaptic Plasticity
protein interactions involving glutamate receptors haveDepartment of Anatomy
been identified. The majority of the interacting partnersUniversity of Bristol
are the PDZ-containing proteins, which interact withBristol BS8 1TD
specific sequences at the C termini of glutamate recep-United Kingdom
tors and other synaptically located ion channels and
proteins (Sheng, 1996; Craven and Bredt, 1998; Braith-
waite et al., 1999). So far, three PDZ-containing proteinsSummary
have been identified that interact with AMPARs: GRIP
(Dong et al., 1997), ABP (Srivastava et al., 1998), andWe investigated whether the interaction between the
PICK (Dev et al., 1999; Xia et al., 1999). The functionsN-ethyl-maleimide-sensitive fusion protein (NSF) and
of these proteins are not well characterized. It has alsothe AMPA receptor (AMPAR) subunit GluR2 is involved
recently been discovered that the GluR2 subunit of thein synaptic plasticity in the CA1 region of the hippo-
AMPAR interacts with N-ethyl-maleimide-sensitive fu-campus. Blockade of the NSF±GluR2 interaction by
sion protein (NSF) (Nishimune et al., 1998; Osten et al.,a specific peptide (pep2m) introduced into neurons
1998; Song et al., 1998). This interaction is specific forprevented homosynaptic, de novo long-term depres-
AMPARs over the other ionotropic or metabotropicsion (LTD). Moreover, saturation of LTD prevented the
classes of glutamate receptors and involves a site onpep2m-induced reduction in AMPAR-mediated excit-
GluR2 that is not known to interact with any other pro-atory postsynaptic currents (EPSCs). Minimal stimula-
tein. The NSF±GluR2 interaction is different from thetion experiments indicated that both pep2m action and
other interactions described so far in two important re-LTD were due to changes in quantal size and quantal
spects. First, it does not involve PDZ domains, and sec-content but were not associated with changes in
ond, NSF is a widely distributed and well characterizedAMPAR single-channel conductance or EPSC kinetics.
protein (Whiteheart et al., 1994). NSF is an ATPase im-These results suggest that there is a pool of AMPARs
portant in general membrane fusion events (Whiteheartdependent on the NSF±GluR2 interaction and that LTD
et al., 1994) and is also required for the specializedexpression involves the removal of these receptors
and highly regulated membrane fusion event involvedfrom synapses.
in neurotransmitter release (SoÈ llner and Rothman, 1994).
The well-characterized function of NSF has providedIntroduction
some indications as to the role of the NSF±GluR2 inter-
action in neurons. Studies using a peptide that specifi-AMPA receptors (AMPARs), together with NMDA and
cally blocks the NSF±GluR2 interaction showed that thiskainate receptors, make up the three classes of iono-
interaction regulates AMPAR-mediated transmission attropic glutamate receptors. They mediate the majority
synapses in the hippocampus (Nishimune et al., 1998;of excitatory transmission in the mammalian brain and
Song et al., 1998; Noel et al., 1999). This effect is specificare involved in the expression of forms of synaptic plas-
within glutamate receptor subtypes, having no effectticity, such as long-term potentiation (LTP; Bliss and
on NMDA receptors (NMDARs; Noel et al., 1999), evenCollingridge, 1993) and long-term depression (LTD; Bear
though these receptors are often coexpressed withand Abraham, 1996), processes thought to be important
AMPARs at synapses. This suggests that NSF is some-for development, as well as for learning and memory
how specifically involved in maintaining synaptic AMPARin the brain. AMPARs are ligand gated ion channels
function. Although a number of mechanisms could ex-composed of heteromeric assemblies of the GluR1±4
plain this, most compatible with known functions of NSFsubunits, different combinations of which confer spe-
is either a rapid NSF-dependent cycling of AMPARs at
cific functional properties on the channel (Hollmann and
the postsynaptic membrane or an NSF-mediated an-
Heinemann, 1994; Bettler and Mulle, 1995). GluR2 plays
choring step (Nishimune et al., 1998; Osten et al., 1998;
an important role in determining the ion selectivity of Song et al., 1998). Consistent with this, a recent study
the AMPAR because its presence in an edited form ren- using antibody localization of AMPARs showed that
ders the channel impermeable to Ca21 (Burnashev et blockade of the NSF±GluR2 interaction caused a pro-
found loss of AMPAR surface expression (Noel et al.,
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between GluR2 and NSF (Nishimune et al., 1998; Noel
et al., 1999; see also Song et al., 1998). We find that
pep2m prevents de novo LTD (LTD at nave inputs) at
CA1 synapses in the hippocampus. Furthermore, prior
saturation of LTD at one input prevents the reduction
in excitatory postsynaptic current (EPSC) amplitude
caused by pep2m specifically in that input. This mutual
occlusion of LTD with the effects of pep2m suggests that
the two share common mechanisms. By using failures
analysis of dendritically recorded EPSCs, pep2m action
and LTD were found to have very similar effects on
failure rate (the number of trials eliciting no synaptic
response) and potency (mean EPSC amplitude, exclud-
ing failures). These data suggest that pep2m action and
LTD involve a functional removal of AMPARs at syn-
apses.
Results
Occlusion of LTD by pep2m
Using whole-cell somatic recordings, a peptide that spe-
cifically blocks the interaction between NSF and GluR2
(pep2m: KRMKVAKNAQ; Noel et al., 1999; same peptide
as ªGluR2mº used in Nishimune et al., 1998) was intro-
duced into CA1 pyramidal cells in hippocampal slices.
Evoked AMPAR-mediated EPSCs at two independent
inputs were monitored, one proximal, the other more
distal to the cell body layer. As previously reported
(Nishimune et al., 1998), in the presence of pep2m,
EPSCs rapidly decreased in size (Figure 1A). On average,
both the proximal and distal pathways exhibited the
same amount of depression (EPSC amplitude, mea-
sured 30±40 min after break-in as the percentage of
amplitude immediately after break-in: proximal 5 72% 6
7%, distal 5 73% 6 10%, n 5 16). In contrast, in the
presence of inactive control peptides (either pep4c
[KRMKVAKSAQ], the equivalent region on the GluR4c
subunit, which differs from pep2m by one residue [n 5
11], or pep2s [VRKKNMAKQA], a scrambled version of
pep2m [n 5 6]), basal synaptic transmission was stable
(see also Nishimune et al., 1998; Noel et al., 1999; Figure
1B, top).
The ability of one input to undergo NMDAR-depen- Figure 1. Hippocampal LTD Is Prevented by pep2m, which Disrupts
dent LTD (see Experimental Procedures) was then the NSF±GluR2 Interaction
tested at the proximal pathway by pairing 300 stimuli at (A) Summary graph of mean EPSC amplitude (normalized to 10 min
low frequency (0.5 Hz) with postsynaptic depolarization baseline preceding LTD induction) versus time from 16 recordings
with pep2m in the intracellular solution.to 240 mV (Hjelmstad et al., 1997). In the presence of
(B) Summary data from 17 experiments (interleaved with pep2m)pep2m, LTD was blocked (Figure 1A). Summary data
with control peptide (pep4c, n 5 11, or pep2s, n 5 6) in the intracellu-from all cells show that pep2m consistently blocked LTD
lar solution. The pep2s and pep4c data were pooled since there
(10 min after the end of pairing, control input 5 91% 6 was no difference between either set of controls. Each point is
6% of baseline, test input 5 89% 6 5%, p 5 0.9, n 5 the average of ten successive responses. Gray symbols represent
16; Figure 1A). A small decrease in the amplitude at both paired pathways; brown symbols, control pathways; and squares,
plot series resistance. Time is relative to the end of pairing. Theinputs occurred after pairing, which was presumably
traces are EPSC averages (of five successive responses) from repre-due to a residual action of the peptide on basal transmis-
sentative experiments taken shortly after break-in (left), during thesion. In the interleaved controls, however, LTD was reli-
LTD baseline (middle), and after LTD induction (right) at the times
ably induced (10 min after the end of pairing, control indicated for the paired (gray) and control (brown) inputs.
input 5 96% 6 6%, test input 5 64% 6 4%, p , 0.05,
n 5 17; Figure 1B).
this, we performed the reverse occlusion experiment, in
which LTD at one of two inputs was saturated beforeOcclusion of pep2m Action by Saturation of LTD
These data suggest that inhibition of the NSF±GluR2 pep2m was introduced into neurons. By using extracel-
lular field potential recordings, LTD was saturated in oneinteraction functionally eliminates a fraction of AMPARs
that can be regulated during LTD. To further explore pathway (ªconditioned pathwayº) by repeated epochs of
NSF±GluR2 Interaction and LTD
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Figure 2. Prior Saturation of LTD Occludes the Effects of pep2m
(A) Experimental arrangement for the saturation protocol.
(B) Summary of two pathway field potential experiments in which saturating, homosynaptic LTD was induced in the conditioned pathway (n 5
7; gray symbols). Time axis is discontinuous; the break represents a variable amount of time. Discontinuous bar represents one to three
epochs of LFS; continuous bar, the final LFS.
(Inset) Representative field potential recordings obtained at the time indicated (1 and 2).
(C) Experimental arrangement for the subsequent whole-cell recording experiment.
(D) Summary data from all pep2m whole-cell experiments performed following induction of saturating LTD in the conditioned pathway (n 5
8; two cells recorded from the same slice; gray symbols).
(Inset) Example EPSCs (averages of five) collected at the times indicated (1 and 2).
900 stimuli at 1 Hz (low-frequency stimulation [LFS]; period, n 5 8; p , 0.05 for conditioned versus noncondi-
tioned pathways at 30 min).Dudek and Bear, 1992; Mulkey and Malenka, 1992),
while a control (ªnonconditioned pathwayº) was also
monitored (Figure 2A). Between one and three epochs Failures and Nonstationary Fluctuation Analyses
of pep2m Actionof LFS were required to saturate LTD, as indicated by
a lack of further depression in response to a subsequent The mutual occlusion of LTD with the effects of pep2m
indicates that there is a pool of AMPARs regulated byfinal epoch (penultimate LFS: field excitatory postsynap-
tic potential [fEPSP] slope 5 56% 6 7%; final LFS: fEPSP the NSF±GluR2 interaction that are specifically involved
in LTD. Thus, pep2m provides a tool with which to ex-slope 5 51% 6 8%, p 5 0.2, n 5 7; Figure 2B). A somatic
whole-cell recording with an electrode containing pep2m plore the molecular basis of LTD. To further investigate
this mechanism, we studied the effects of pep2m usingwas then obtained from a cell in the region of the slice
from which the extracellular recording was made, and whole-cell recordings from the proximal apical dendrites
of CA1 pyramidal cells in hippocampal slices (Benke etEPSCs from the same two pathways were monitored
(Figure 2C). In these experiments, to make sure that al., 1998). EPSCs at one or a few synapses located close
to the recording electrode were evoked with minimalthe peptide had reached the conditioned pathway, we
always induced LTD in the pathway most proximal to stimulation, and a failures analysis was performed (Benke
et al., 1998; Isaac et al., 1998). These high-resolutionthe cell body layer. Thus, if EPSCs from the distal non-
conditioned pathway exhibited a decrease in amplitude, recordings allowed changes in failure rate (the fraction of
trials eliciting no synaptic response) and potency (EPSCthe peptide must have also reached the proximal condi-
tioned pathway. As shown in Figure 2D, only EPSCs amplitude excluding failures) to be reliably estimated
(Isaac et al., 1998), thus enabling the mechanism of thefrom the nonconditioned pathway exhibited the charac-
teristic decrease in amplitude (at 30 min, conditioned action of pep2m to be inferred. Pep2m was introduced
into the dendrite via the dendritic patch electrode and,pathway EPSC amplitude 5 93% 6 7%, p 5 0.34 versus
baseline period, n 5 8; nonconditioned pathway EPSC similar to the somatic recordings, caused a rapid pro-
gressive reduction in the mean EPSC amplitude (Figuresamplitude 5 67% 6 6%, p , 0.001 versus baseline
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a decrease in potency, with little change in the number
of failures (Figure 3B). However, by the time the maximal
inhibition was achieved, there was an additional large
increase in failure rate (Figure 3C). This was consistent
for all cells that exhibited a rundown (9 of 11). Analysis
of all 11 cells showed that on average, pep2m caused
a large maximal depression in EPSC amplitude (Figure
4A) that was associated with a decrease in potency and
an increase in failure rate (Figure 4B). However, early
on in the depression, there was a selective decrease in
potency, with little change in failure rate (Figure 4B).
Interleaved control experiments using either pep4c or
intracellular solution in the absence of peptide revealed
that there was only a small nonspecific rundown of re-
sponses under these experimental conditions (Figures
4C and 4D).
One possible cause of the reduction in potency is
a decrease in the single-channel conductance (g) of
AMPARs, given that an increase in g underlies LTP under
certain circumstances (Benke et al, 1998). To test this,
we performed peak-scaled nonstationary fluctuation
analysis (non-SFA) of the dendritically recorded EPSCs
to obtain an estimate of the single-channel conductance
(g) of the synaptically activated AMPARs (Traynelis et
al., 1993; Silver et al., 1996; Benke et al., 1998). We found
that the depression of the EPSC was associated with
no change in g (baseline: g 5 6.6 6 1.0 pS; maximal
block: g 5 6.7 6 1.0 pS, n 5 4; Figures 5A±5E). In
addition, as previously inferred from somatic recordings
(Nishimune et al., 1998), pep2m did not significantly af-
fect AMPA channel kinetics because there was no
change in the kinetics of the EPSCs (baseline: trise 5 1.6 6
0.1 ms, tdecay 5 7.6 6 0.6 ms; maximal depression: trise 5
1.6 6 0.1 ms, tdecay 5 7.6 6 0.6 ms, n 5 9; see scaled
traces, Figure 5B). Therefore, pep2m action is likely to be
due to a reduction in the number of functional AMPARs.
Figure 3. The Effects of pep2m on Synaptic Transmission Moni-
tored Using Whole-Cell Dendritic Recording and Minimal Stimu-
Failures and Nonstationary Fluctuation Analyseslation
of LTD
(A) Amplitude versus time plot for a single experiment with pep2m
The occlusion experiments suggest that LTD and pep2min the recording electrode (time relative to the start of the recording;
depression utilize the same mechanism. To further ex-series resistance values: baseline epoch 5 32 MV, maximal depres-
sion epoch 5 33 MV). For this figure, black represents baseline; plore this, we studied NMDAR-dependent LTD (see Ex-
orange, the first 3 min of depression; and pink, stabilized maximal perimental Procedures) using dendritic recordings. LTD
depression induced by pep2m (open symbols represent the in- was induced in 13 cells (EPSC amplitude 5 47% 6 7%
tervening period). of baseline; see Figure 8A) by delivering 100±200 stimuli
(B) Amplitude histogram for all responses during baseline depres-
(baseline frequency) at a holding potential of 240 mV.sion (number of trials [N] 5 149, bin width 5 2 pA) and first 3 min
In 8 of these cells, estimates for g could be obtained,of depression (N 5 89, bin width 5 2 pA).
(Inset) Average EPSCs (average of all responses for each epoch; and an example of one of these cells is shown in Figure
left) and eight superimposed consecutive traces (right) for baseline 6. LTD was not associated with a change in g, as indi-
and initial depression. cated by the current±variance plot (Figure 6B), and this
(C) Amplitude histogram for all responses during baseline (N 5 149, was consistent for all cells (Figure 7D). LTD was also
bin width 5 2 pA, same data as in [B]) and maximal (N 5 241, bin
associated with no change in EPSC kinetics (trise values:width 5 2 pA) depression.
baseline 5 1.3 6 0.1 ms, LTD 5 1.2 6 0.1 ms, n 5 8;(Inset) Average EPSC (average of all responses for the epoch; left)
and eight superimposed consecutive traces (right) for maximal de- tdecay values: baseline 5 7.1 6 0.4 ms, LTD 5 6.7 6 0.4
pression. ms, n 5 8; Figure 6C). Failures analysis (Figures 6D
and 7) showed that the depression in EPSC amplitude
(Figure 7A) was due to changes in failure rate (expressed
as success rate [one 2 failure rate]) in some cells (Figure3A and 4A). An epoch of responses during a baseline
7B) and in potency for all cells (Figure 7C).period shortly after gaining dendritic access was com-
pared with an epoch early on in the progression of the
block, and to one after the EPSC had reached a stable Comparison of pep2m Action and LTD
Changes in failure rate and potency were compareddepressed amplitude (Figures 3A±3C). The initial de-
pression caused by pep2m was predominantly due to directly for the two experimental groups. For the pep2m
NSF±GluR2 Interaction and LTD
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Figure 4. Temporal Profile of Potency and Failure Rate Changes for Depression Induced by pep2m
(A) Amplitude versus time (normalized to end of the baseline period; averaged over 1 min bins) for all pep2m experiments (n 5 11).
(B) Failures analysis of sequential 1 min epochs for the pep2m data: potency (diamonds) and success rate (one 2 failure rate; triangles) as
the percentage of baseline versus time (normalized as for [A]).
(C and D) Same for control experiments (either pep4c [n 5 5] or intracellular solution in the absence of peptide [n 5 7]).
group, we included the 9 of 11 cells in which a depres- these changes is presented in Figure 8D. For moderate
amounts of depression, there was no significant changesion was observed. Since approximately half of the LTD
experiments exhibited less depression than the maximal in success rate (success rate ratio values: moderate
pep2m depression 5 0.96 6 0.03, p 5 0.14, n 5 9;block by pep2m (ªmoderate LTDº), we also used data
from early in the pep2m block (ªmoderate pep2m de- moderate LTD 5 0.93 6 0.03, p 5 0.07, n 5 7), but there
was a significant decrease in potency (potency ratiopressionº) that fell in the same amplitude range as these
LTD experiments. In addition, we compared the experi- values: moderate pep2m depression 5 0.73 6 0.03, p ,
0.001, n 5 9; moderate LTD 5 0.70 6 0.03, p , 0.001,mental data with a change in quantal content (the prod-
uct of probability of release [Pr] and the number of func- n 5 7). For larger depressions, there was a significant
decrease in success rate (success rate ratio values:tional synapses [n]) alone for a Poisson model. This
model assumes uniformity of synapses and so is likely pep2m 5 0.35 6 0.06, p , 0.001 versus moderate pep2m
depression, n 5 9; LTD 5 0.49 6 0.06, n 5 6, p , 0.0005,to be an oversimplification (e.g., nonuniform changes in
Pr at synapses with differing quantal amplitudes could unpaired t test versus moderate LTD), together with a
further significant decrease in potency (potency ratioproduce significant deviations from the Poisson rela-
tionship). However, it is a useful approximation of trans- values: pep2m 5 0.57 6 0.05, p , 0.05 versus moderate
pep2m depression, n 5 9; LTD 5 0.49 6 0.06, n 5 6, p ,mitter release under our experimental conditions (Isaac
et al., 1998). 0.01, unpaired t test versus moderate LTD). The further
decrease in potency can be fully accounted for by theThe failure rate (Figure 8B) and potency (Figure 8C)
changes for LTD and the pep2m experiments were very magnitude of the success rate change according to the
Poisson model.similar. For moderate amounts of depression (amplitude
ratio of 0.5±1.0), the data fell close to the horizontal line These analyses indicate that moderate depressions
were due to a decrease in quantal amplitude (the re-for the success rate ratio, and the diagonal line for the
potency ratio, showing that the depression was associ- sponse to release of a single quantum of transmitter).
This change was not due to an alteration in AMPARated with little or no increase in failure rate and so was
primarily due to the decrease in potency. For larger channel properties (g or kinetics), suggesting that it was
caused by a decrease in the number of functional recep-amounts of depression (amplitude ratio ,0.5), however,
there was both an increase in failure rate and a decrease tors (it is unlikely that the moderate depressions were
due to a reduction in the number of multiquantal eventsin potency. For some experiments, these data fell close
to the line representing the change in quantal content because that would have also been associated with a
significant increase in failure rate). Larger depressionsalone for the Poisson distribution. Quantification of
Neuron
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Figure 5. Nonstationary Fluctuation Analysis
of the Effects of pep2m on Synaptically Acti-
vated AMPARs Using Dendritic Recordings
(A) Amplitude versus time plot for an experi-
ment with pep2m in the recording electrode
(series resistance values: baseline epoch 5
28 MV, maximal depression epoch 5 29 MV).
For this figure, black represents baseline, and
pink, the maximal depression induced by
pep2m (open symbols represent intervening
period).
(B) Average EPSCs superimposed for base-
line and maximal depression (average of all
responses in each epoch; upper left panel),
the same traces scaled and superimposed
(upper right), and ten superimposed consec-
utive traces for baseline (lower left) and maxi-
mal (lower right) depression.
(C) Current±variance plot for this cell. Contin-
uous lines represent the fit of the data from
which g was estimated.
(D) Summary data of AMPAR g from four neu-
rons in which non-SFA could be performed.
(E) Change in g (percentage of baseline) ver-
sus EPSC amplitude depression (percentage
of baseline) for the four neurons in which g
could be estimated.
were associated with both a further decrease in potency there was an initial decrease in potency followed by an
additional increase in failure rate. These effects can beand a large change in failure rate, indicating that there
was also a decrease in quantal content. attributed to decreases in quantal amplitude and con-
tent, respectively. The reduction in quantal amplitude
was not due to a decrease in AMPAR channel conduc-Discussion
tance and was unlikely to be due to alterations in channel
kinetics. A presynaptic explanation for a change inIn this study, we have used a peptide, pep2mÐwhich,
when applied postsynaptically, causes a depression of quantal content is very unlikely, given the postsynaptic
site of action of pep2m. Therefore, these results areAMPAR-mediated synaptic transmission (Nishimune et
al., 1998; Song et al., 1998; Noel et al., 1999)Ðto investi- most consistent with pep2m causing the progressive
functional removal of synaptic AMPARs, resulting in thegate hippocampal LTD. We find that the action of pep2m
and LTD mutually occlude one another, suggesting that eventual elimination of all receptors at some synapses.
The mutual occlusion of pep2m action with LTD indi-they utilize a common molecular target for their expres-
sion. Given that pep2m specifically disrupts the interac- cates that both utilize the same expression mechanism.
Therefore, these data provide strong evidence that LTDtion between NSF and the GluR2 subunit of AMPARs,
these data strongly suggest that the AMPARs them- also utilizes this mechanism for its expression. Evidence
for pep2m causing the physical removal of receptorsselves are the common target. Thus, pep2m can be used
as a novel tool to investigate the molecular basis for the rather than an effect on Popen is provided by recent immu-
nocytochemical experiments on cultured hippocampalpostsynaptic expression of LTD.
Analysis of the time course of the pep2m block of neurons (Noel et al., 1999). Indeed, evidence that LTD
is also associated with the physical removal of receptorsAMPAR-mediated synaptic transmission showed that
NSF±GluR2 Interaction and LTD
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Figure 6. LTD Is Not Associated with a
Change in g
(A) Plot of amplitude versus time from a repre-
sentative experiment. Gray bar represents
LTD pairing protocol. Throughout the figure,
green represents baseline, and blue, LTD.
(B) Current±variance relationship for baseline
and LTD (g values for this cell (pS): baseline 5
5.8, LTD 5 6.2).
(C) Mean EPSCs (average of all responses
used for non-SFA) superimposed (left) and
peak scaled (right).
(D) Amplitude histogram (bin width 5 2 pA)
for baseline (N 5 172) and LTD (N 5 490).
(Inset) Ten consecutive responses for base-
line and LTD.
has been provided recently in a study on cultured neu- at a small subpopulation of synapses with hypertonic
solution; thus, the responsiveness of the same synapsesrons (Carroll et al., 1999).
Two recent studies have investigated the effects of was likely to have been sampled repeatedly over a
shorter time period. Therefore, the reduction in mEPSCpep2m (or a homolog) on miniature EPSCs (mEPSCs)
in cultured hippocampal neurons. One reported a reduc- amplitude may reflect the partial loss of AMPARs at
synapses during the course of peptide action. Further-tion in mEPSC amplitude but provided no information
on mEPSC frequency (Song et al., 1998), and the other more, since changes in frequency were not determined
in the study, the complete removal of receptors fromreported a marked reduction in mEPSC frequency, with
no change in amplitude (Noel et al., 1999). The present synapses would not have been detected.
The finding that pep2m did not eliminate all AMPAR-results provide an explanation for these seemingly dis-
parate results. In the study of Noel et al. (1999), mEPSCs mediated synaptic transmission is consistent with previ-
ous work (Nishimune et al., 1998; Song et al., 1998; Noeloccurred spontaneously in neurons with many synapses
at a low-average frequency, such that at any given syn- et al., 1999). In these earlier studies, it was not possible
to determine whether the residual EPSC was due toapse the interval between mEPSCs was, on average, in
the order of many minutes. Thus, from the time pep2m incomplete access of the peptide to the activated syn-
apses or to a process independent of the NSF±GluR2reached a synapse until the time a mEPSC occurred at
that synapse, pep2m would have already caused the interaction. With dendritic recordings, it is highly likely
that pep2m reaches the locally activated synapses andcomplete removal of receptors from the synapse. In the
study of Song et al. (1998), mEPSCs were evoked locally that the residual EPSC was therefore due to AMPAR
Neuron
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Figure 7. Summary Data for LTD Experi-
ments
(A) Changes in mean EPSC amplitude for indi-
vidual experiments (A1) and pooled data (n 5
13, [A2]).
(B±D) Similar plots for success rate (B1 and
B2), potency (C1 and C2), and g (D1 and D2).
Red symbol and line represent the cell shown
in Figure 6.
regulation that was independent of the NSF±GluR2 inter- why a small amount of LTD could be induced in these
knockout mice (Jia et al., 1996).action over the time course of the experiments. The
resistant component of transmission could be due to Figure 9 shows a model for the actions of pep2m.
Further studies are now required to determine the mo-either an incomplete removal of AMPARs at a proportion
of synapses or the existence of a subpopulation of syn- lecular step(s) that is regulated during LTD and the
mechanisms for the physiological and developmentalapses that are fully resistant to the actions of pep2m.
The finding that pep2m causes a substantial reduction regulation of the NSF-GluR2-dependent process.
in mEPSC frequency, with no affect on amplitude (Noel
et al., 1999), favors the latter possibility. This would also Experimental Procedures
explain why in a small proportion of the present minimal
stimulation experiments, no effect of pep2m was ob- Electrophysiology
Hippocampal slices (400 mm) were obtained from 12- to 15-day-oldserved, despite its direct application near the investi-
rats and perfused with an extracellular solution containing (in mM):gated synapses. Furthermore, even with very prolonged
NaCl, 124; KCl, 3; NaHPO4, 1.25; NaHCO3, 26; CaCl2, 2.5; MgSO4,exposure to pep2m by viral expression, some synaptic
1.3; glucose, 15; and picrotoxin, 0.05, saturated with 95% O2/5%AMPAR puncta remain (Noel et al., 1999). It seems, CO2 at room temperature (238C±258C). Whole-cell somatic re-
therefore, that a proportion of synapses can express cordings were made from CA1 pyramidal neurons with electrodes
(2±5 MV) filled with a solution containing (in mM): CsMeSO4, 135;their AMPARs via a mechanism independent of the NSF±
NaCl, 8; HEPES, 10; EGTA, 0.5; Mg-ATP, 4; Na-GTP, 0.3; QX-314,GluR2 interaction. Such a mechanism may be used in
5 (pH 7.25), 285 mOsm. In addition, 100 mM of either the pep2m,the GluR2 knockout mouse (Jia et al., 1996) to compen-
pep4c, or pep2s peptide was included together with 100 mM ofsate for the lack of GluR2-NSF-dependent insertion. A
each of the following protease inhibitors: bestatin, leupeptin, and
compensation mechanism involving a different form of pepstatin-A (Nishimune et al., 1998). Experiments using active
LTD (e.g., Bolshakov and Siegelbaum, 1994; Stevens (pep2m) or inactive (pep4c or pep2s) peptides were interleaved. By
using bipolar electrodes, EPSCs (at a holding potential of 270 mV)and Wang, 1994; Oliet et al., 1997) may also explain
NSF±GluR2 Interaction and LTD
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Figure 8. Comparison of Effects of pep2m and LTD Using Failures Analysis
(A) Amplitude versus time (averaged over 2 min intervals) for all LTD experiments (n 5 13).
(B) Success rate ratio (LTD or pep2m success rate:baseline success rate) for LTD (blue triangles), moderate pep2m depression (orange
triangles), and maximal pep2m depression (pink triangles). Diagonal line represents a 1:1 ratio, continuous line is the Poisson distribution
prediction for a change in quantal content only.
(C) Potency ratio (LTD or pep2m potency:baseline potency) for LTD (blue diamonds), moderate pep2m depression (orange diamonds), and
maximal pep2m depression (pink diamonds). Diagonal dashed line represents a 1:1 ratio, continuous curved line represents the change in
potency predicted by a Poisson distribution for a decrease in quantal content alone.
(D) Summary analysis of changes in potency (diamonds) and success rate (triangles) for moderate (orange symbols) and maximal (pink
symbols) pep2m block, and for moderate (light blue symbols) or larger (dark blue symbols) LTD. For this figure, only data from the nine pep2m
experiments in which rundown was observed were plotted.
were evoked by afferent stimulation (0.1±0.2 Hz) of two independent antagonist D(2)-2-amino-5-phosphonopentanoic acid (D-AP5), indi-
cating that it is NMDAR dependent (in the presence of 50 mM D-AP5:pathways in stratum radiatum, one proximal, the other more distal
to the cell body layer. LTD was induced in the proximal pathway paired pathway 5 99% 6 10% of baseline, control pathway 5 103% 6
8%, p 5 0.35, n 5 4; following washout of D-AP5: paired pathway 5with a pairing protocol of 300 stimuli at 0.5 Hz at a holding potential
of 240 mV. This form of LTD was reversibly blocked by the NMDAR 43% 6 5%, control pathway 5 116% 6 19%, p , 0.01, n 5 4).
Figure 9. One Hypothetical Scheme of pep2m Action
A proportion of AMPARs cycle rapidly between the postsynaptic membrane and an intracellular compartment. The GluR2±NSF interaction is
involved in the AMPAR insertion into the postsynaptic membrane (an alternative mechanism is the involvement of NSF in the stabilization of
inserted AMPARs). By inhibiting the GluR2±NSF interaction, pep2m causes the functional removal of AMPARs via normal internalization
mechanisms. At susceptible synapses, pep2m causes the eventual elimination of all AMPARs from the postsynaptic membrane, leading to
their ªsilencing.º LTD has a similar effect via a mechanism that specifically involves the NSF-sensitive pool of AMPARs.
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For field potential recordings, a patch electrode filled with extra- decrement) and plotted versus the mean current amplitude of the
cellular solution was placed in the stratum radiatum, and fEPSPs EPSC decay, producing a current±variance relationship (e.g., see
were evoked by electrical stimulation of two independent pathways, Figure 5C). The single-channel current was then estimated by fitting
one proximal, the other more distal to the cell body layer. Similar the data to: s2 5 iI 2 I2/N 1 bl, where s2 is the variance, I the mean
levels of LTD were induced in both inputs in response to single current, N the number of channels activated at the peak, i the single-
epochs of 900 stimuli at 1 Hz (LFS; fEPSP slope as a percentage channel current, and bl the background variance (Sigworth, 1980).
of baseline: proximal 5 75% 6 8%, distal 5 69% 6 6%, p 5 0.30, The single-channel conductance (g) is then g 5 i/V, where V is the
n 5 5). Saturating LTD was induced by multiple epochs of LFS of driving force (holding potential 2 assumed reversal potential of 0
the test pathway. LTD was assumed to be saturated when no further mV). The most accurate estimate of g was obtained by fitting differ-
depression of the fEPSP slope was induced by a further LFS. Field ent portions of the raw data. The goodness of fit was assessed with
potential recordings were made in the absence of picrotoxin, which a least-squares algorithm (SigmaPlot 3.0; see Benke et al., 1998).
was then added to the extracellular solution and washed in for at Data are expressed as the percentage of baseline (i.e., 100% 5
least 15 min before the subsequent whole-cell recordings were no change). All values are expressed as mean 6 SEM. Statistical
made. For these recordings, the same or a lower stimulus intensity significance was assessed with a two-tailed paired or unpaired Stu-
was used to evoke EPSCs of approximately the same amplitude for dent's t test, as appropriate (p , 0.05 is considered significant).
both pathways.
For dendritic recordings, dendrites were visualized with infrared
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